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ABSTRACT 
This  r e p o r t  i s  a d i g e s t  of a series of  advanced p l ann ing  
r e p o r t s  and pape r s  p repa red  by t h e  A s t r o  Sc iences  Center  over  
t h e  las t  t w o  y e a r s .  The b a s i c  c o n c l u s i o n  o f  t h e s e  r e p o r t s  and 
papers  i s  t h a t  s c i e n t i f i c a l l y  i n t e r e s t i n g  mis s ions  t o  t h e  o u t e r  
p l a n e t s  are  p o s s i b l e .  Rad ica l  t e c h n o l o g i c a l  d e p a r t u r e s  from 
t h e  c u r r e n t  Mariner  and Voyager programs do n o t  appear  t o  be 
r e q u i r e d  f o r  e a r l y  miss ions  t o  t h e  o u t e r  p l a n e t s .  
Space f l i g h t  s t u d i e s  of t h e s e  p l a n e t s  may p rov ide  
e s s e n t i a l  i n fo rma t ion  on t h e  o r i g i n  and t h e  e v o l u t i o n  o f  t h e  
so l a r  system. I n  p a r t i c u l a r ,  a tmospher ic  s t u d i e s  and knowledge 
of t h e  p l a n e t a r y  magnetic f i e l d s  w i l l  p rov ide  essent ia l  d a t a  on 
t h e  h i s t o r y  of t h e  p l a n e t s .  
Flyby and o r b i t e r  miss ions  bo th  shou ld  be performed; 
however, a n  e x t e n s i v e  program o f  f l y b y  f l i g h t s  i s  no t  recommended, 
because  t h e  d a t a  a t t a i n a b l e  from f l y b y  mis s ions  are  l i m i t e d  i n  
comparison t o  t h o s e  provided  by o r b i t e r s .  
Fo r  f l y b y  f l i g h t s ,  t h e  p r e f e r r e d  f l i g h t  mode i s  b a l l i s t i c  
t o  J u p i t e r ,  and b a l l i s t i c  g r a v i t y  ass is t  t o  t h e  o t h e r  o u t e r  
p l a n e t s .  The nex t  launch  o p p o r t u n i t i e s  f o r  g r a v i t y  a s s i s t e d  
m i s s i o n s  u t i l i z i n g  J u p i t e r  a r e  c l u s t e r e d  i n  t h e  1976 t o  1980 t i m e  
p e r i o d ,  fo l lowed by a w a i t i n g  p e r i o d  of 11 t o  18 yea r s .  
For  o r b i t e r  m i s s i o n s ,  a g r a v i t y  ass is t  node shou ld  n o t  be 
u s e d ,  because t h e  h igh  approach v e l o c i t y  i n  g r a v i t y  a s s i s t e d  
miss ions  a c t u a l l y  reduces  t h e  payload i n  o r b i t  t o  less t h a n  
t h a t  o b t a i n a b l e  from d i r e c t  b a l l i s t i c  f l i g h t s .  
( h i g h l y  e c c e n t r i c )  o r b i t e r s ,  t h e  b a l l i s t i c  f l i g h t  mode i s  
s a t i s f a c t o r y .  
n o t  f e a s i b l e  b a l l i s t i c a l l y  even w i t h  t h e  S a t u r n  V-Centaur; f o r  
t h e s e  mis s ions  a n u c l e a r  e l ec t r i c  low t h r u s t  s t a g e  i s  v e r y  
a t t r ac t ive .  
For most l o o s e  
However, many c i r c u l a r  n e a r  p l a n e t  o r b i t s  are 
c 
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1. INTRODUCTION 
"The e x p l o r a t i o n  o f  t h e  s o l a r  system b e a r s  on t h e  t h r e e  
c e n t r a l  s c i e n t i f i c  problems o f  o u r  t i m e :  
and e v o l u t i o n  o f  t h e  E a r t h ,  Sun, and p l a n e t s ,  t h e  
o r i g i n  and e v o l u t i o n  o f  l i f e ,  and t h e  dynamic p r o c e s s e s  
t h a t  shape man's t e r r e s t r i a l  environment ."  (Space 
Sc ience  Board 1965).  
t h e  o r i g i n  
The o u t e r  p l a n e t s ,  w i t h  perhaps t h e  e x c e p t i o n  of P l u t o ,  
p r e s e n t  themselves  a s  most i n t e r e s t i n g  s u b j e c t s  f o r  i n v e s t i g a -  
t i o n  o f  t h e s e  problems because of t h e i r  extreme d i f f e r e n c e s  
from t h e  more f a m i l i a r  i n n e r  t e r r e s t r i a l  p l a n e t s .  The i n n e r  
t e r r e s t r i a l  p l a n e t s ,  Mercury, Venus, E a r t h ,  and Mars, a r e  s m a l l ,  
r a t h e r  dense ,  and have slow r o t a t i o n a l  r a t e s ;  i n  c o n t r a s t ,  t h e  
o u t e r  p l a n e t s  (wi th  t h e  p robab le  e x c e p t i o n  o f  P l u t o )  a r e  l a r g e ,  
low-dens i ty  b o d i e s ,  o f t e n  w i t h  e x t e n s i v e  s a t e l l i t , e  systems and 
r a p i d  r o t a t i o n a l  r a t e s .  T h e i r  low d e n s i t y  s u g g e s t s  a chemica l  
compos i t ion  c l o s e  t o  t h a t  o f  t h e  m a t e r i a l  from which t h e  s o l a r  
sys tem was formed. Thus, t h e  d e t e r m i n a t i o n  of t h e i r  a tmospher ic  
and i n t e r i o r  p r o p e r t i e s  would be of p a r t i c u l a r  s i g n i f i c a n c e  t o  
cosmogonical  t h e o r i e s .  
T h i s  r e p o r t  i s  a d i g e s t  of a series of  advanced p l ann ing  
r e p o r t s  and pape r s  p repa red  by t h e  A s t r o  Sc iences  Cen te r  over  
t h e  l a s t  two y e a r s .  A s  such ,  i t  i s  an  overview o f  t h e  c h a l l e n g e s  
and p o t e n t i a l  rewards o f  o u t e r  p l a n e t  mi s s ions  r a t h e r  t han  a de- 
t a i l e d  d i s c u s s i o n  o f  s p e c i f i c  a s p e c t s  o f  t h e s e  mis s ions .  
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The pr imary source  w a s  A S C / I I T R I  Report  No. M - 1 1 ,  "A 
Survey o f  Missions t o  S a t u r n ,  Uranus, Neptune and Plu to ."  
However, i n  o r d e r  t o  i n c l u d e  J u p i t e r ,  i n fo rma t ion  was a l s o  
t a k e n  from t h e  fo l lowing  s o u r c e s :  ASC/IITRI Report  No. P-10, 
" C r i t i c a l  Measurements on E a r l y  Missions t o  J u p i t e r ; "  ASC/IITRI 
paper  "Choice of F l i g h t  Mode f o r  Outer  P l a n e t  Miss ions ;"  
ASC/IITRI paper  "The Requirements o f  Unmanned Space Miss ions  t o  
J u p i t e r .  
2 .  CONCLUSIONS 
I 
1 The b a s i c  conc lus ion  o f  these  r e p o r t s  and pape r s  i s  
t h a t  s c i e n t i f i c a l l y  i n t e r e s t i n g  miss ions  t o  t h e  o u t e r  p l a n e t s  
a r e  p o s s i b l e .  F l i g h t  t i m e s  range from 1 t o  3 y e a r s  f o r  J u p i t e r  
and S a t u r n  t o  a minimum o f  4 years f o r  P l u t o  w i t h  a h y p o t h e t i c a l  
I. 
I 
i n u e l e a r  e l e c t r i c  low t h r u s t  s t a g e .  R a d i c a l  t e c h n o l o g i c a l  de- 
, p a r t u r e s  from t h e  c u r r e n t  Mariner and Voyager programs do n o t  
appear  t o  be r e q u i r e d  f o r  e a r l y  miss ions  t o  t h e  o u t e r  p l a n e t s .  
1, Space f l i g h t  s t u d i e s  of  t h e s e  p l a n e t s  may p rov ide  
I 
e s s e n t i a l  i n f o r m a t i o n  on t h e  o r i g i n  and t h e  e v o l u t i o n  of t h e  
I so la r  system. I n  p a r t i c u l a r ,  a tmospher ic  s t u d i e s  can l e a d  both 
t o  a n  u n d e r s t a n d i n g  of  t h e  h e a t  ba lance  i n  t h e  p1ar;et i n t e r i o r s ,  
and toward a d e f i n i t i o n  of  the m a t e r i a l  from which t h e  so la r  
sys tem w a s  formed. Knowledge o f  t h e  p l a n e t a r y  magnetic f i e l d s  
i s  o f  p a r t i c u l a r  importance i n  unde r s t and ing  t h e  i n t e r i o r s  o f  
I 
I t h e  p l a n e t .  T h i s  knowledge, i n  t u r n ,  w i l l  p rovide  d a t a  on t h e  
I t h e r m a l  h i s t o r y  of t h e  p l a n e t s .  
, 
I 
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I 
Flyby and o r b i t e r  miss ions  both  should  be performed; 
however, an e x t e n s i v e  program o f  f l y b y  f l i g h t s  i s  n o t  recom- 
mended, because t h e  d a t a  a t t a i n a b l e  from f l y b y  mis s ions  a r e  
l i m i t e d  i n  comparison t o  t h o s e  provided by o r b i t e r s .  
For  f l y b y  f l i g h t s ,  t h e  p r e f e r r e d  f l i g h t  mode i s  b a l l i s -  
t i c  t o  J u p i t e r ,  and b a l l i s t i c  g r a v i t y  a s s i s t  t o  t h e  o t h e r  o u t e r  
p l a n e t s .  The g r a v i t y  a s s i s t  mode can  be used o n l y  i n  t h o s e  
y e a r s  i n  which t h e  p l a n e t s  are  c o r r e c t l y  a l i g n e d .  The nex t  
launch o p p o r t u n i t i e s  f o r  g r a v i t y  a s s i s t e d  mis s ions  u t i l i z i n g  
J u p i t e r  a r e  c l u s t e r e d  i n  t h e  1976 t o  1980 t i m e  p e r i o d ,  fo l lowed 
by a w a i t i n g  p e r i o d  of 11 t o  18 y e a r s .  
I 
I 
c 
Fo r  o r b i t e r  m i s s i o n s ,  a g r a v i t y  a s s i s t  mode shou ld  n o t  
be used ,  because t h e  h i g h  approach v e l o c i t y  i n  g r a v i t y  a s s i s t e d  
mis s ions  a c t u a l l y  reduces  t h e  payload i n  o r b i t  t o  less t h a n  
t h a t  o b t a i n a b l e  from d i r e c t  b a l l i s t i c  f l i g h t s .  For  most loose  
( h i g h l y  e c c e n t r i c )  o r b i t e r s ,  t h e  b a l l i s t i c  f l i g h t  mode i s  s a t i s -  
f a c t o r y .  
f e a s i b l e  b a l l i s t i c a l l y  even w i t h  t h e  S a t u r n  V-Centaur; f o r  t h e s e  
m i s s i o n s  a n u c l e a r  e l ec t r i c  l c k ~  t h r u s t  s t a g e  i s  v e r y  a t t r a c t i v e .  
3 .  SCIENT I F  I C  CONSIDERATIONS 
However, many c i r c u l a r  n e a r  p l a n e t  o r b i t s  are  n o t  
The fundamental  d i f f e r e n c e s  between t h e  s m a l l ,  dense 
i n n e r  p l a n e t s  and t h e  l a r g e ,  l o w  d e n s i t y  J o v i a n  p l a n e t s ,  can 
be i n t e r p r e t e d  i n  terms o f  b a s i c  d i f f e r e n c e s  i n  t h e  e v o l u t i o n  
of  t h e  p l a n e t s  s i n c e  t h e  t i m e  of t h e i r  format ion .  I n  t h i s  view, 
i t  i s  s u g g e s t e d  t h a t  t h e  atmospheres  of t h e  t e r res t r ia l  p l a n e t s  
a r e  s e c o n d a r y ,  having  been produced by o u t g a s s i n g  a f t e r  
I I T  R E S E A R C H  I N S T I T U T E  
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t h e  p r i m i t i v e  atmospheres  were d i s s i p a t e d .  The J o v i a n  p l a n e t s ,  
however, a r e  b e l i e v e d  t o  have r e t a i n e d  a l a r g e  f r a c t i o n  o f  
t h e i r  p r i m i t i v e  a tmospheres ,  w i t h  rough ly  t h e  same r e l a t i v e  
composi t ion  sugges t ed  by t h e  cosmic abundance o f  t h e  e lements .  
S i n c e  hydrogen and he l ium a r e  t h e  most abundant  e l emen t s ,  t h e  
low mean d e n s i t i e s  o f  t h e s e  p l a n e t s  can  be e x p l a i n e d .  
t 
I 
1 
I 
1 
I 
i 
I P r e s e n t  o b s e r v a t i o n a l  d a t a  appear  t o  s u p p o r t  t h i s  view, 
a l though  v e r y  l i t t l e  i s  known w i t h  c e r t a i n t y  abou t  t h e s e  p l a n e t s .  
Hydrogen, methane, and ammonia have been i d e n t i f i e d  i n  c e r t a i n  
o f  t h e  p l a n e t a r y  atmospheres .  Various a u t h o r s  have c o n s t r u c t e d  
t h e o r e t i c a l  models f o r  t h e  i n t e r i o r  s t r u c t u r e s  o f  t h e  p l a n e t s  
by u s i n g  p l a u s i b l e  r a t i o s  of hydrogen t o  hel ium; b u t  a t  b e s t ,  
t h e s e  a r e  t e n t a t i v e .  Some o f  t h e  w e l l  d e f i n e d  p r o p e r t i e s  of 
t h e s e  p l a n e t s  a r e  g i v e n  i n  Table  1. 
E 
Table  2 l i s t s  some b a s i c  measurements which a r e  con- 
s i d e r e d  a s  impor t an t  f o r  e a r l y  mis s ions ,  a l o n g  w i t h  a b r i e f  
d e s c r i p t i o n  o f  t h e  d a t a  which would be a n t i c i p a t e d  f o r  each  I 
I c a s e .  While i t  i s  n o t  p o s s i b l e  a t  t h e  p r e s e n t  t i m e  t o  
i 
e s t a b l i s h  t h e  e v e n t u a l  f u l l  s i g n i f i c a n c e  o f  each  measurement, 
I 
some g e n e r a l  comments can  be made f o r  s e v e r a l  o f  t h e  c a t e g o r i e s .  I 
For example, a tmospher ic  s t u d i e s ,  i n c l u d i n g  I R  measure- 
L 
I ments of t h e  p l a n e t a r y  d a r k  s i d e s ,  may r e v e a l  a t  what r a t e  
ene rgy  i s  be ing  s u p p l i e d  from i n t e r n a l  s o u r c e s ,  a f a c t  which 
i s  d i r e c t l y  r e l a t e d  t o  t h e  o r i g i n  o f  t h e  p l a n e t .  Such i n f o r -  
mat ion  may l e a d  t o  a d e t e r m i n a t i o n  of what r o l e s  g r a v i t a t i o n a l ,  
r o t a t i o n a l  and chemica l  ene rgy ,  and n u c l e a r  decay p l a y  i n  
I 
i 
/ 
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I 
I 
I 
P 
I 
I 
h e a t i n g  t h e  i n t e r i o r s  of t h e  p l a n e t s .  I f  t h e  l e v e l  o f  i n t e r n a l  
r a d i o a c t i v i t y  can be e s t a b l i s h e d ,  i t  may be p o s s i b l e  t o  d e t e r -  
mine whether  o r  n o t  t h e  p rocess  o f  p l a n e t a r y  format ion  was 
s imul taneous  throughout  t h e  s o l a r  system. Atmospheric tempera- 
t u r e s  a s  w e l l  a s  t h e  escape  tempera tures  o f  t h e  exospheres  
a l s o  may be o b t a i n a b l e  from c e r t a i n  s p e c t r o s c o p i c  o b s e r v a t i o n s .  
S ince  t h e  v a l u e  of t h i s  l a t t e r  tempera ture  governs t h e  loss  
r a t e  o f  a tmospher ic  c o n s t i t u e n t s ,  i t  i s  a b a s i c  parameter  i n  
t h e  s t u d y  o f  p l a n e t a r y  e v o l u t i o n .  
Determinat ion o f  p l a n e t a r y  composi t ion i s  impor t an t  
f o r  a v a r i e t y  of  r e a s o n s .  For  example, i f  abundances of 
hydrogen,  deuter ium,  hel ium, and carbon can be o b t a i n e d ,  a 
d i r e c t  comparison might be made w i t h  s o l a r  cosmic-ray d a t a  f o r  
t h e  hel ium-to-carbon r a t i o  and s o l a r  model c a l c u l a t i o n s  on t h e  
hydrogen-to-hel ium r a t i o .  These d a t a  a r e  impor t an t  f o r  work 
which a t t e m p t s  t o  d e f i n e  t h e  m a t e r i a l  from which t h e  s o l a r  
system w a s  formed and f o r  de te rmining  e v a p o r a t i o n  r a t e s  f o r  t h e  
p l a n e t s .  These d e f i n i t i o n s  i n  t u r n ,  s e r v e  a s  c o n s t r a i n t s  f o r  
t h e o r e t i c a l  models. 
Determina t ion  of t h e  p l a n e t a r y  magnetic f i e l d s  a l s o  i s  
o f  s i g n i f i c a n c e .  A s  t h e  c o n f i g u r a t i o n  of t h e s e  f i e l d s  becomes 
known, more can be l e a r n e d  about t h e  s t r u c t u r e s  o f  t h e  i n t e r i o r s  
of t h e  p l a n e t s .  It i s  impor tan t  t o  de te rmine  i n  what way t h e  
c o r e s  of t h e s e  p l a n e t s  (supposed a t  p r e s e n t  t o  be e s s e n t i a l l y  
m e t a l l i c  hydrogen,  a good e l e c t r i c a l  conduc to r )  can  s u p p o r t  
t h e  e l e c t r i c a l  c u r r e n t s  g e n e r a t i n g  t h e  magnetic f i e l d s .  A l so ,  
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more may be l e a r n e d  about  convec t ion  i n  t h e  i n t e r i o r s ,  informa- 
t i o n  t h a t  i s  o f  importance i n  de t e rmin ing  t h e  the rma l  h i s t o r y  
of t h e  p l a n e t s .  Re la t ed  t o p i c s  a r e  t h e  p o s s i b l e  e x i s t e n c e  o f  
r a d i a t i o n  b e l t s ,  and t h e  way i n  which t h e s e  b e l t s  a r e  ene rg ized .  
Atmospheric c i r c u l a t i o n  and m e t e o r o l o g i c a l  e f fec ts  a l s o  
a r e  o f  fundamental  i n t e r e s t .  
i t  may be t h a t  c i r c u l a t i o n s  i n  t h e  lower atmosphere c o u l d  l e a d  
t o  magnet ic  f i e l d  g e n e r a t i o n .  A l s o ,  i t  i s  impor t an t  t o  d e t e r -  
mine why c e r t a i n  m a t e r i a l  i n  t h e  atmosphere of  J u p i t e r  (and 
seemingly S a t u r n )  appea r s  t o  r o t a t e  a t  s e v e r a l  k i l o m e t e r s  p e r  
second r e l a t i v e  t o  t h e  v i s i b l e  p l a n e t .  I n  a d d i t i o n ,  of c o u r s e ,  
t h e  n a t u r e  o f  t h e  p l a n e t a r y  s u r f a c e s  remains t o  be de te rmined .  
R e l a t e d  t o p i c s  f o r  i n v e s t i g a t i o n  a r e  t h e  o r i g i n s  o f  t h e  Red 
Spot  on J u p i t e r ,  and t h e  S a t u r n  r i n g  system. There a r e ,  i n  
a d d i t i o n ,  s e v e r a l  o r b i t a l  c h a r a c t e r i s t i c s  (such a s  t h e  anomalies  
i n  t h e  T r i t o n  and P l u t o  o r b i t s  and t h e  p e c u l i a r  r o t a t i o n  o f  
I f  t h e  atmospheres  a r e  v e r y  deep,  
Uranus) which a r e  unexpla ined .  
F i n a l l y ,  i t  i s  e s s e n t i a l  t o  de te rmine  whether  t h e r e  i s  
l i f e  o r  p r o t o b i o t i c  m a t e r i a l  on any o f  t h e  o u t e r  p l a n e t s ,  and 
whe the r  free r a d i c a l s  o r  p r e - b i o t i c  compounds p r e s e n t l y  a r e  
be ing  formed i n  t h e  upper  atmosphere.  
4 .  FLIGHT CONSIDERATIONS 
4.1 I n t r o d u c t i o n  
I n  p l ann ing  mis s ions  for p l a n e t a r y  e x p l o r a t i o n ,  one o f  
t h e  f i r s t  d e c i s i o n s  i s  a cho ice  o f  t h e  f l i g h t  mode. A s  ex- 
p l o r a t i o n  o f  t h e  s o l a r  system extends  beyond J u p i t e r ,  a l t e r n a t i v e  
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t r a j e c t o r y  modes begin  t o  compare f a v o r a b l y  w i t h  t h e  d i r e c t  
b a l l i s t i c  f l i g h t  mode, and t h e n  s u r p a s s  it. For  many e a r l y  
mis s ions  t h e  c r o s s o v e r  p o i n t  i s  beyond S a t u r n .  
The t h r e e  modes o f  f l i g h t  c o n s i d e r e d  i n  t h e s e  s t u d i e s  
are  d i r e c t  b a l l i s t i c ,  g r a v i t y  a s s i s t e d  b a l l i s t i c ,  and n u c l e a r  
e lec t r ic  low t h r u s t  p ropu l s ion .  The d i r e c t  b a l l i s t i c  f l i g h t ,  
i n  which t h e  s p a c e c r a f t  c o a s t s  t o  i t s  t a r g e t  a f t e r  burn ing  a l l  
o f  i t s  f u e l  i n  t h e  v i c i n i t y  of  t he  E a r t h ,  i s  t h e  s i m p l e s t  o f  
t h e  f l i g h t  modes. Launch o p p o r t u n i t i e s  e x i s t  e s s e n t i a l l y  
once a y e a r  f o r  each o f  t h e  o u t e r  p l a n e t s ,  and mid-course 
guidance  and c o n t r o l  requi rements  appear  t o  be w i t h i n  t h e  s t a t e  
o f  t h e  a r t  f o r  i n i t i a l  o u t e r  p l a n e t  mi s s ions .  
o f  d i r e c t  b a l l i s t i c  f l i g h t  a r e  t h a t  f o r  f l i g h t s  beyond S a t u r n  
t h e  f l i g h t  times become q u i t e  long ,  e s p e c i a l l y  f o r  o r b i t e r s  
and smaller launch v e h i c l e s ,  and t h a t  many n e a r  p l a n e t  c i r c u l a r  
o r b i t s  a r e  n o t  p o s s i b l e  even w i t h  a S a t u r n  V-Centaur launch 
v e h i c l e .  
The d i sadvan tages  
G r a v i t y  a s s i s t e d  b a l l i s t i c  f l i g h t s ,  i n  which t h e  g r a v i -  
t a t i o n a l  f i e l d  of  an  i n t e r m e d i a t e  p l a n e t  ( u s u a l l y  J u p i t e r )  i s  
used  t o  speed  t h e  s p a c e c r a f t  t o  i t s  f i n a l  d e s t i n a t i o n ,  have 
s i g n i f i c a n t l y  s h o r t e r  f l i g h t  times f o r  f l i g h t s  beyond S a t u r n ,  
e s p e c i a l l y  f o r  s m a l l e r  launch v e h i c l e s .  However, g r a v i t y  
a s s i s t e d  f l i g h t s  o n l y  can be performed i n  y e a r s  when t h e  
a s s i s t i n g  p l a n e t  and t h e  t a r g e t  p l a n e t  a r e  i n  f a v o r a b l e  
p o s i t i o n s ,  and t h e  guidance and c o n t r o l  r equ i r emen t s  w i l l  be 
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somewhat more stringent than for direct ballistic flights. The 
next launch opportunities for some gravity assisted missions 
are: 
Earth/Jupiter/Saturn/ 
Uranus /Neptune 1977-1979, then in 22nd Century 
Earth/Jupiter/Saturn 1976-1978, then in 1996 
Earth/Jupiter/Uranus 1978-1980, then in 1992 
Earth/Jupiter/Neptune 1979-1981, then in 1992 
Earth/Jupiter/Pluto 1976-1978, then in 1989 
Earth/Saturn/Uranus 1979-1985, then in 2025 
Earth/Saturn/Neptune 1979-1985, then in 2015 
For orbiters, gravity assisted flights are not as good as direct 
flights because of the high approach velocities. 
Nuclear electric low thrust propulsion stages are 
particularly attractive for loose orbiter missions to Uranus and 
beyond, and for circular orbiter missions to all of the outer 
planets, The main disadvantages of nuclear low thrust stages 
are the current state of development and the projected costs. 
4.2 Comparison of Flight Modes 
Since flight time is a key parameter in missions to the 
outer planets, it is appropriate to use this parameter for a 
comparison of different flight modes. 
Figure 1 shows the flight times to the outer planets for 
a 600 lb. ballistic payload on the Saturn 1B-Centaur vehicle, 
and the approximately scientifically comparable 150 lb. commu- 
nications and experiments payload on a Saturn 1B with a thrusted 
stage. For the thrusted stage a specific power plant mass 
:.y. = 40 lb/kw (250 kw power source) is assumed. For 
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J u p i t e r ,  t h e  d i r e c t  and t h r u s t e d  f l i g h t  t i m e s  a r e  1 . 2  and 1 , 5  
y e a r s ,  and f o r  S a t u r n  t h e  f l i g h t  times f o r  t h e  t h r e e  modes a r e  
i n  t h e  2 t o  3 y e a r  r a n g e ,  
t h a t  a d i r e c t  b a l l i s t i c  f l i g h t  i s  s a t i s f a c t o r y  f o r  f l y b y  
mis s ions  t o  J u p i t e r  and S a t u r n .  
a g r a v i t y  a s s i s t e d  f l i g h t  has  a v e r y  s i g n i f i c a n t  advantage o v e r  
a d i r e c t  b a l l i s t i c  f l i g h t .  Fo r  Uranus,  t h e  g r a v i t y  a s s i s t e d  
f l i g h t  t a k e s  less t h a n  h a l f  t h e  t i m e  r e q u i r e d  f o r  a d i r e c t  
f l i g h t .  
p o s s i b l e  w i t h  a S a t u r n  1B-Centaur and 600 l b .  payload .  
c a s e s  t h e  t h r u s t e d  f l i g h t s  a r e  somewhat s h o r t e r  t h a n  t h e  
g r a v i t y  a s s i s t e d  f l i g h t s ;  t h e  f l i g h t  t i m e  advantage  of  t h r u s t e d  
o v e r  g r a v i t y  a s s i s t e d  f l i g h t s  i s  s i g n i f i c a n t  f o r  Neptune and 
P l u t o .  
From t h i s  o b s e r v a t i o n ,  w e  conclude  
For  Uranus,  Neptune, and P l u t o ,  
For  Neptune and P l u t o ,  t h e  d i r e c t  f l i g h t  i s  n o t  
I n  a l l  
When a S a t u r n  V-Centaur v e h i c l e  i s  used  f o r  t h e  com- 
p a r i s o n  i n s t e a d  o f  t h e  S a t u r n  1B-Centaur, t h e  d i r e c t ,  g r a v i t y  
a s s i s t e d ,  and t h r u s t e d  f l i g h t s  a r e  q u i t e  comparable i n  f l i g h t  
times br S a t u r n ,  U r a n i s ,  and Neptune. 
J u p i t e r ,  S a t u r n  and Uranus a c t u a l l y  take l o n g e r  t h a n  t h e  
b a l l i s t i c  f l i g h t s ,  
The t h r u s t e d  f l i g h t s  t o  
Thus w e  conclude  t h a t ,  f o r  f l y b y  mis s ions  t o  t h e  o u t e r  
p l a n e t s ,  t h r u s t e d  v e h i c l e s  do  not  b e g i n  t o  o f f e r  a s i g n i f i c a n t  
advan tage  u n t i l  Uranus and beyond. 
t h e  g r a v i t y  a s s i s t e d  f l i g h t s  and  t h e  t h r u s t e d  f l i g h t s  a r e  n o t  
g r e a t l y  d i f f e r e n t  i n  f l i g h t  t imes .  S i n c e  i t  i s  l i k e l y  t h a t  
t h r u s t e d  s t a g e s  w i l l  be c o n s i d e r a b l y  more e x p e n s i v e ,  w e  
For S a t u r n  through Neptune, 
I l l  R E S E A R C H  I N S T I T U T E  
9 
conclude  t h a t ,  i n  y e a r s  when g r a v i t y  a s s i s t e d  mis s ions  a r e  
f e a s i b l e ,  t h i s  mode o f  f l i g h t  w i l l  be more a t t r a c t i v e  t h a n  t h e  
t h r u s t e d  f l i g h t .  
changed f o r  payloads up t o  a f e w  thousand pounds. 
These conc lus ions  would n o t  be s i g n i f i c a n t l y  
F i g u r e  2 shows a s i m i l a r  comparison f o r  2000 l b .  o r b i t e r s ,  
>k 
f o r  which t h e  c a p t u r e  o r b i t  i s  p a r a b o l i c  w i t h  a p e r i a p s i s  d i s -  
t a n c e  r = 3 r a d i i  from t h e  p l a n e t  c e n t e r .  It can  be s e e n  t h a t  
f o r  J u p i t e r  and S a t u r n  t h e  S a t u r n  1B-Centaur-Kick, t h e  S a t u r n  V -  
P 
Centaur  and t h e  S a t u r n  1 B  t h r u s t e d  v e h i c l e  do n o t  d i f f e r  g r e a t l y  
i n  f l i g h t  t i m e .  I n  f a c t ,  a t  J u p i t e r  and S a t u r n  t h e  t h r u s t e d  
o r b i t e r  r e q u i r e s  a l onge r  f l i g h t  t i m e  t h a n  t h e  S a t u r n  V b a l l i s t i c  
o r b i t e r .  For  Uranus,  t h e  S a t u r n  1 B  t h r u s t e d  v e h i c l e  h a s  a 
s l i g h t  f l i g h t  t i m e  advantage  over  t h e  S a t u r n  V-Centaur and a 
6 y e a r  advantage  o v e r  t h e  S a t u r n  1B-Centaur-Kick. Fo r  Neptune 
t h e  advantages  o f  t h e  t h r u s t e d  v e h i c l e  a r e ,  o f  c o u r s e ,  l a r g e r .  
G r a v i t y  a s s i s t e d  f l i g h t s  a r e  n o t  i n c l u d e d  f o r  o r b i t e r s  s i n c e  
t h e  payload  i n  o r b i t  i s  g e n e r a l l y  g r e a t e r  f o r  d i r e c t  f l i g h t s  
t h a n  f o r  g r a v i t y  a s s i s t e d  f l i g h t s  w i t h  t h e  same f l i g h t  t i m e .  
Thus i t  can  be concluded t h a t ,  f o r  p a r a b o l i c  o r b i t e r s ,  
t h e  t h r u s t e d  p r o p u l s i o n  mode becomes a t t r a c t i v e  f o r  mis s ions  
beyond Uranus.  
F i g u r e  3 compares c i r c u l a r  2000 l b .  o r b i t e r s  launched by 
a S a t u r n  V-Centaur b a l l i s t i c  v e h i c l e  w i t h  c i r c u l a r  o r b i t e r s  o f  
A p a r a b o l i c  o r b i t  i s  e s s e n t i a l l y  t h e  same a s  a v e r y  e c c e n t r i c  
e l l i p t i c a l  o r b i t .  An ISP of 315 seconds and s t r u c t u r e ,  t a n k ,  
and eng ine  we igh t  o f  14% of t h e  p r o p e l l e n t  weight  were assumed. 
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500 l b .  communications and experiments  on t h e  n u c l e a r  e l e c t r i c  low 
t h r u s t  s t a g e .  For S a t u r n  V-Centaur o r b i t e r s ,  d a t a  i s  p r e s e n t e d  
f o r  o r b i t s  a t  1, 3 and 10 r a d i i  from t h e  p l a n e t ' s  c e n t e r .  
t h e  low t h r u s t  s t a g e ,  d a t a  i s  p resen ted  on ly  a t  3 p l a n e t  r a d i i .  
For J u p i t e r ,  t h e  b a l l i s t i c  o r b i t e r s  are n o t  p o s s i b l e ,  w h i l e  t h e  
t h r u s t e d  s t a g e  can make t h e  f l i g h t  i n  4 . 3  y e a r s .  
b a l l i s t i c  v e h i c l e  cannot  put  2000 l b s .  i n t o  a 1 o r  3 r a d i i  c i r c u l a r  
o r b i t ,  b u t  i t  can  pu t  t h i s  payload i n t o  a 10 r a d i i  o r b i t  i n  4 . 7  
y e a r s .  A l o w  t h r u s t  s t a g e  can however, p u t  a 500 l b  communications 
and exper iments  payload i n t o  a 3 r a d i i  o r b i t  i n  5 y e a r s .  
Neptune and P l u t o  t h e r e  are s i m i l a r  l a r g e  f l i g h t  t i m e  g a i n s  i n  
u s i n g  a n u c l e a r  e l e c t r i c  low t h r u s t  s t a g e  f o r  t h e  c i r c u l a r  o r b i t s .  
Thus i t  c a n  be concluded t h a t  t h e  t h r u s t e d  mode of f l i g h t  i s  
s t r o n g l y  i n d i c a t e d  f o r  n e a r  p l a n e t  c i r c u l a r  o r b i t s  e 
For 
For S a t u r n ,  t h e  
For Uranus, 
Tab le  3 summarizes t h e  a t t r a c t i v . e  modes f o r  o u t e r  p l a n e t  
When more t h a n  one mode i s  r e a s o n a b l e  f o r  a mis s ion ,  m i s s i o n s ,  
t h e  modes are l i s t e d  w i t h  t h e  most a t t r a c t i v e  f i r s t .  
5.  MISSION CONSTRAINTS AND PAYLOADS 
5 .1  C o n s t r a i n t s  
The guidance  requi rements  f o r  d i r e c t  b a l l i s t i c  f l y b y  
m i s s i o n s  place a lower bound on t h e  guidance  r equ i r emen t s  f o r  
a l l  o u t e r  p l a n e t  mi s s ion  and f l i g h t  modes. 
r e a s o n a b l e  v a l u e s  f o r  e r r o r s  i n  t h e  launch  guidance system, 
i n  D S I F  t r a c k i n g  i n a c c u r a c i e s ,  i n  e x e c u t i n g  t h e  midcourse 
By assuming 
maneuver, and i n  knowledge of t h e  p l a n e t  p o s i t i o n  (ephemeris  
e r r o r  and  AU u n c e r t a i n t y ) ,  t a r g e t  m i s s  AB and midcourse e o r -  
r e c t i o n  r equ i r emen t  AVc can be c a l c u l a t e d .  For t y p i c a l  f l y b y  
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f l i g h t s  t o  a l l  o f  t h e  p l a n e t s ,  t he  @ V c ' s  a r e  less  t h a n  25m/sec 
(lo) and t h e  A B ' S  (IC) a r e  less  t h a n  0.2 p l a n e t  r a d i i  f o r  
1 
I 
I 
I 
t 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
J u p i t e r  and S a t u r n ,  and 0 .5  t o  1 p l a n e t  r a d i i  f o r  Uranus and 
Neptune. These AV and AB v a l u e s  a r e  a c c e p t a b l e  f o r  e a r l y  
f l y b y  mis s ions .  O r b i t e r s ,  g r a v i t y  a s s i s t e d  f l y b y  mis s ions  and 
n u c l e a r  e l e c t r i c  low t h r u s t  miss ions  can  be expec ted  t o  have 
more s t r i n g e n t  gu idance  requi rements  and may r e q u i r e  a n  on- 
board t e r m i n a l  gu idance  system. 
C 
A t t i t u d e  c o n t r o l  w i l l  be r e q u i r e d  f o r  t h e  o r i e n t a t i o n  
of expe r imen t s ,  f o r  t h e  c o r r e c t  e x e c u t i o n  of midcourse 
maneuvers,  and f o r  t h e  maintenance o f  a communications l i n k  
w i t h  t h e  E a r t h .  
p o s s i b l e  for o u t e r  p l a n e t  mi s s ions :  s p i n  s t a b i l i z a t i o n  and 
f u l l  t h r e e  a x i s  s t a b i l i z a t i o n .  I n  t h e  s p i n  mode, t h e  s p i n  a x i s  
p robab ly  would have t o  be o r i e n t e d  toward t h e  E a r t h  w i t h  t h e  
communications an tenna  a l i g n e d  w i t h  t h e  s p i n  a x i s .  Three-axis  
s t a b i l i z a t i o n  minimizes t h e  problem a s s o c i a t e d  w i t h  t h e  o t h e r  
s p a c e c r a f t  systems b u t  p u t s  an  onus on t h e  r e l i a b i l i t y  o f  t h e  
a t t i t u d e  c o n t r o l  system. Th i s  w i l l  r e s u l t  i n  a h e a v i e r  
a t t i t u d e  c o n t r o l  sys tem t h a n  t h e  s p i n  s t a b i l i z a t i o n ,  b u t  no t  
n e c e s s a r i l y  a h e a v i e r  t o t a l  s p a c e c r a f t ,  
Two b a s i c  t y p e s  of a t t i t u d e  c o n t r o l  seem 
Because o f  t h e  l a r g e  d i s t a n c e  of t h e  o u t e r  p l a n e t s  from 
t h e  Sun,  s o l a r  c e l l  power s u p p l i e s  w i l l  n o t  be adequate  beyond 
J u p i t e r .  T h e r e f o r e ,  n u c l e a r  power s u p p l i e s  w i l l  be e s s e n t i a l ,  
e i t h e r  i s o t o p i c  f o r  power l e v e l s  up t o  approximate ly  1 kw o r  a 
n u c l e a r  r e a c t o r  f o r  h i g h e r  l e v e l s .  For Rad io i so tope  Thermal 
I l T  R E S E A R C H  I N S T I T U T E  
1 2  
Genera t ion  (RTG) u n i t s ,  i t  i s  e s t ima ted  t h a t  t h e  power sou rce  
can be engineered  t o  meet t h e  p a r t i c u l a r  power demand f o r  each 
miss ion  f o r  a s p e c i f i c  weight  of approximate ly  1 l b / w a t t  o f  
u s e f u l  power. 
Thermal c o n t r o l  of s p a c e c r a f t  on miss ions  t o  t h e  o u t e r  
p l a n e t s  r e p r e s e n t s  a s i g n i f i c a n t  problem. Many of t h e  com- 
ponents  of  t h e  s p a c e c r a f t  must be main ta ined  w i t h i n  p r e s c r i b e d  
t empera tu re  l eve ls ,  each i n  a manner compat ib le  w i t h  t h e  o t h e r s ,  
and w i t h i n  t h e  u s u a l  weight  and s i z e  r e s t r a i n t s .  For o u t e r -  
p l a n e t  m i s s i o n s ,  a c t i v e  tempera ture  c o n t r o l  ( h e a t e r  e l emen t s ,  
l o u v e r s ,  e t c . )  w i l l  a lmost  c e r t a i n l y  be needed; t h e  RTG u n i t  
w i l l  be a s i g n i f i c a n t  sou rce  of h e a t .  F i g u r e  4 shows t h e  
s p a c e c r a f t  t empera ture  p l o t t e d  a g a i n s t  d i s t a n c e  from t h e  Sun 
f o r  b l a c k  s p h e r i c a l  and f l a t  p l a t e  S p a c e c r a f t ,  With 100 w a t t  
h e a t  s o u r c e s  i n  meter s i z e d  s p a c e c r a f t ,  t h e  t empera tu re  
ave rages  -100" t o  -12OOC. Without t h e  h e a t  s o u r c e ,  t h e  average  
s p a c e c r a f t  t empera tures  a r e  100 o r  more degrees  c o l d e r .  
The o v e r a l l  problem o f  deep space  communications i s  one 
o f  overcoming t h e  l a r g e  s i g n a l  a t t e n u a t i o n  t h a t  occu r s  because 
of t h e  extreme d i s t a n c e s  ove r  which t h e  s i g n a l  must t r a v e l .  
Table  4 ,  which l i s t s  communication d a t a  f o r  t h e  o u t e r  p l a n e t s ,  
h a s  been c o n s t r u c t e d  by u s i n g  r easonab le  v a l u e s  for communica- 
t i o n s  parameters  p r o j e c t e d  t o  t h e  s t a t e  of t h e  a r t  i n  1975 t o  
1985, 
a p p r o p r i a t e  f o r  e a r l y  o u t e r  p l a n e t  mi s s ions  .,
B i t  r a t e s  i n  t h e  range  of 10 t o  100 b i t s / s e c  seem 
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5.2 Payloads 
R e p r e s e n t a t i v e  s c i e n t i f i c  payloads  a re  shown i n  Tables  5 
and 6 f o r  t h e  i n t e r p l a n e t a r y  and p l a n e t a r y  phases  of  t h e  mis s ions .  
From t h e  communications requi rements  t h e  n e c e s s a r y  t r a n s m i t t e d  
power f o r  20 b i t s / s e c  ranges  from 3 t o  1 7  w a t t s .  M u l t i p l y i n g  
t h e s e  v a l u e s  by 3 . 3  t o  g e t  raw power, and adding  40 w a t t s  f o r  
expe r imen t s ,  y i e l d s  t h e  s c i e n c e  and communications raw power 
r equ i r emen t s  o f  50 t o  95 w a t t s .  To t h i s ,  shou ld  be added 
power f o r  o t h e r  s p a c e c r a f t  f u n c t i o n s ,  t o  y i e l d  a t o t a l  raw 
power requi rement  o f  approximate ly  100 t o  150 w a t t s .  
Two r e c e n t  s t u d i e s  f o r  J u p i t e r  mi s s ions  provide  some 
guidance  f o r  t o t a l  s p a c e c r a f t  weight .  I n  a Genera l  Dynamics 
s t u d y  (Hove e t  a l .  1966) a 3 a x i s  s t a b i l i z e d  s p a c e c r a f t  w i t h  
115 l b s .  o f  s c i e n t i f i c  experiments  weighed 1058 l b s . ,  and one 
37 l b s .  of exper iments  weighed 717 l b s .  A JPL s t u d y  (Haurlan 
1966) c o n s i d e r e d  a 3 a x i s  s t a b i l i z e d  s p a c e c r a f t  w i t h  12 l b s .  o f  
expe r imen t s  which weighed 668 l b s .  From t h e s e  s t u d i e s ,  a 
s p a c e c r a f t  weight  o f  less  t h a n  1000 l b s .  f o r  85 l b s .  o f  
expe r imen t s  appea r s  r e a s o n a b l e .  A v e r y  minimum s c i e n c e  mis s ion  
(Advanced P l a n e t a r y  Probe) , w i t h  10 t o  15 l b s .  o f  p a r t i c l e s  
and f i e l d s  measurements, would save  a f e w  hundred pounds i n  
payload  weight  and s p a c e c r a f t  complexi ty .  However, t.he 85 l b s  
of  expe r imen t s  would produce a f a r  more u s e f u l  s c i e n t i f i c  
m i s s  i o n  a 
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Table  3 
ATTRACTIVE MODES FOR OUTER PLANET MISSIONS 
O r b i t e r  F l i g h t s  
E l l i p t  i c a  1 C i r c u l a r  
Highly  Near P l a n e t  
P l a n e t  Flyby F l i g h t s  O r b i t s  O r b i t s  
J u p i t e r  D D T 
S a t u r n  
Uranus 
Neptune 
P l u t o  
D ,  G A Y  o r  T 
G A Y  D ,  o r  T 
G A Y  T ,  o r  D 
GA o r  T 
D 
D o r  T 
T o r  D 
T 
D = Direct B a l l i s t i c  
GA = G r a v i t y  Assist B a l l i s t i c  
T = Nuclear  e l e c t r i c  Low Thrus t  P r o p u l s i o n  
NOTE : 
When more t h e n  one mode i s  r easonab le  f o r  a m i s s i o n ,  t h e  
modes a r e  l i s t e d  w i t h  t h e  most a t t r a c t i v e  f i r s t .  
-
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Table 4 
COMMUNICATION DATA 
Neptune & 
Pluto Jupiter Saturn Uranus 
Communications Distance 5 
(AU) 
Transmitted Power (watts) 
1 bit/sec 0 .625  
10 bits/sec 2 
1000 bits /sec 20 
100 bits/sec 6 . 2 5  
Total Transmission System 
Weight (lbs. ) 
1 bit/sec 
10 bits / s ec 
100 bits/sec 
1000 bits/sec 
Antenna Diameter (ft. ) 
L bit/sec 
10 bitslsec 
100 bits/sec 
1000 bits/sec 
4 . 5  
14 
b!j 
14 0 
2.9 
5.2 
9.3 
1 6  
10 
1.25 
4 
12.5 
4 0  
9 
28 
90 
280 
4 . 2  
7 . 5  
13  
23 
20 3 1  
2.5 3.9 
8 13  
25 39 
8 0  1 3 0  
1 8  28 
56 90  
180  280 
560  900 
5.8 7 . 2  
11 13  
1 9  23 
33 41 
Assuming 210'  DSIF receiver; total transmission system weight 
is the weight of power supply, antenna and transmitter. Power 
supply weight is 3 . 3  lbs/watt of transmitted power. 
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Table 6 
REPRESENTATIVE PLANETARY EXPERIMENTAL PAY LOAD 
Experiment Lbs Watts Pnits/ses: Remarks 
us---- ._L__. ___P_--II.---- 
f.3 e 1 i u m  ulagne tome ter 
001-1 gauss 
Plasma probe 
koni zation chamber 
LR spectrometer 2-5Ou 
ILI resolution 
Visible, UV speetrom- 
eter ( w i t h  polarim; 
etc>r) 10,000-1000 A 
Photometry 
ZeEcvision (Mariner 
type, 240 000 bits/ 
5 r ame 1 
Yicrowave radiometry 
( I , ' s " d i s k ,  1-10 em> 
Planet-ary experiment 
10 5 
1 1 
10 20 
1 1 
- _cs 
32 12 
+2 0 
Measurement every 
5 secs 
Measurement every 
5 sees 20 levels  
Integrated dose 
1 channel/sec; 
10 mins/frame, Real 
time at intercept, 
4500 bitslframe; 
15 mins/frame. Real 
time at intercept- 
10 bits total 4 
4 hours transmission/ 
frame after inter- 
cept, 
60 bits/min, 
Real time. 
at i n t e rcep t .  
€or  television 
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